Abstract Garlic peeling is a tedious, key, costly and time consuming unit operation in garlic processing. A power operated garlic peeler having a cylinder-concave mechanism was developed with an intention to reduce cost and time. Physical properties of garlic relevant for peeler development were identified and measured. The average length, width, thickness, geometric mean diameter, sphericity, weight of garlic segment and weight of 1,000 garlic segment were measured as 26.3 mm, 10.4 mm, 8.7 mm, 13.3 mm, 0.5, 1.8 g and 1,813 g, respectively. An experimental garlic peeler having cylinder covered with 10 mm thick rubber was fabricated and evaluated for its performance with crop-machine parameters viz., cylinder speed (29, 36 and 42 rpm), cylinder-concave clearance (8, 10 and 12 mm), moisture content (23.1, 27.7, 33.4 and 40.5 % wet basis) and concave mechanisms. Crop-machine parameters were optimized based peeling efficiency and they found to be cylinder speed of 36 rpm, cylinder-concave clearance of 10 mm, mild steel square (8×8 screen). Prototype garlic peeler was evaluated with the optimized crop-machine parameters. The peeling efficiency, yield of peeled garlic and unpeeled garlic, damage and peel separation were 86.6, 86.2, 4.7, 9.15 and 96 %, respectively with a machine throughput capacity of 27 kg/h and the energy requirement of 1.15 kw-h. Operation cost of the peeler was determined on the basis of fixed and variable cost and found to be INR 22.9/h. The developed garlic peeler saved INR 16.11/kg (94.99 %) and 1.63 (97 %) man hours in comparison to the hand peeling of garlic.
Introduction
Garlic (Allium sativum L.), a spice of human life, is one of the important perennial bulb crops of the lily family (Liliaceae). Garlic is valued for its flavor and commands an extensive commercial importance because of its wide medicinal value and application in food and pharmaceutical preparations. It has been cultivated for centuries all over the world on account of its culinary and medicinal properties (Sharma and Prasad 2001) . Garlic cloves contain thin outer skins (inedible) for protecting the body of each clove (segment), but before it is used as food, the outer skins must be removed. Typical size of the cloves makes the peeling to be very tedious and time consuming operation (Mudgal 2005) . Some information on garlic peelers which are being used by small scale industries and traders of garlic products is available in the internet domain. However, hardly any work has been reported on the garlic peelers and mechanical peeling of garlic in scientific referred journals, especially on technical aspects of design and development of garlic peeler. A manually operated garlic peeler having cylinder and concave principle was developed by Indian Institute of Horticultural Research, Bangalore (India). The results revealed that the garlic peeler demonstrated with peeling efficiency (79.56 %), capacity (11.66 kg/h) and cost of peeling (INR 1.43/kg) . Mudgal (2005) reported that the compressed air based principle and abrasion based gadgets developed earlier for garlic peeling were found infeasible as thin skin/peel removed from cloves gets adhered to the abrasive surface and thus renders it quite inefficient within short span. Haciseferogullari et al. (2005) reported some physical properties of garlic bulb and its segments which are relevant for mechanization of garlic processing. Pickle industries and other allied food processing industries are moving in the upward trend in the current scenario. The manual method of peeling garlic has caused various problems like high cost of labour, blisters in hands, delay in production etc. To overcome these problems and cater the needs of garlic peeling in an easier manner, the garlic peeling machine was invented (innovation reference number 3131A0639) by Mr. Nagarajan M, Virgo Engineering Works (Virgo Engineering Works, No. 29/85, Theni Main Road, Usilampatti, Tamil Nadu, 625 002, India). However, the machine was costly (INR one lakh) and too large. Dry peeling of garlic (heat treatment at 60°C for 30 s) was better than wet peeling in reducing microbial populations and preserving ascorbic acid content (Park et al. 1998) . The manually operated garlic cloves peeling machine (5 kg/h) consists of a hollow cylinder, a top cover with hopper and a concave with opening for outlet. The cylinder is lined with lining material such as rubber, coir mat, emery etc. The top cover and concave are also covered with lining material to impact abrasive action. The cylinder is placed on angle iron frame such that it makes an angle of 8º from the horizontal. The peeling device works satisfactorily if the cloves are conditioned to moisture level 50 to 55 % (wet basis). However, it was found that the fine skin removed from cloves gets adhered to the lining material in course of time. Hence, a lining material with non-sticky property is desired (Mudgal 2005) .
Garlic processing involves bulb breaking, peeling, dehydration, grinding and other unit operations. Garlic peeling is one of the most important and essential key unit operations prior to any subsequent processing activity. During garlic peeling, the thin membranous skin, inedible part, is to be removed off from the segments. Traditional peeling methods viz., hand peeling, flame peeling, oven peeling and chemical peeling are being used in processing industries, big restaurants, hotels and kitchens. These are laborious, time consuming, cost intensive and restrict speed of processing activity. The various reasons like typical shape of garlic, nature of peel etc. deterred the development of mechanical peeling of garlic. Therefore, the present study was undertaken to develop and performance evaluation of a garlic peeler. The crop-machine parameters for machine peeling were also optimized during the study.
Materials and methods

Garlic
The garlic cultivar (G-282) was used for the study as this has been identified as a suitable variety for processing (Anonymous 2001) . The fresh, well matured and cured garlic bulbs were procured from regional centre, National Horticultural Research and Development Foundation (NHRDF), Karnal, India. The material was packed in glass vessel and kept in cold storage (at 2°C and 65 % relative humidity) until use. Uniform sized garlic bulbs were selected and broken off by hand to get garlic segments which were then graded manually after blowing the thin papery skin.
Moisture content
Moisture content of the garlic was determined by convection method as suggested by Madamba et al. (1993) . The garlic segments were peeled and sliced into small pieces. Three samples of 15 g each were weighed and placed in moisture boxes. The samples were heated (100±0.5°C) until constant weight was obtained, then the samples were cooled in desiccators and weighed in electronic balance having accuracy of 0.001 g. The moisture content of garlic was expressed as % wet basis (w.b.).
Physical properties of garlic
Size (length, width and thickness), weight, geometric mean diameter and sphericity were determined at moisture content of 40.5 % w.b., whereas specific gravity, terminal velocity, angle of repose, static coefficient of friction, compressive and shear forces were determined in the moisture range of 23.1 to 40.5 % w.b. with three replications. The size of the product is useful in designing peeling machine as size affects the cylinder-concave clearance. To determine the size of garlic segment, ten groups of samples consisting of the 100 garlic segments was randomly selected. Ten segments were selected from each group and three principal dimensions (length, width and thickness) were measured using a micrometer to an accuracy of 0.01 mm (Haciseferogullari et al. 2005) . The weight of garlic segment and 1,000 segment mass was measured using an electronic balance having accuracy of 0.001 g. Bulk density of garlic segments was determined by using a known volume (1,000 cc) container and an electronic balance. The garlic segments were dropped into a container from a height of approximately 15 cm at constant rate and the excess segments were removed by sweeping the surface of the container gently. The specific gravity of garlic segments was determined by using the liquid displacement method (Mohsenin 1986; Singh and Goswami 1996) . Toluene (C 7 H 8 ) was used instead of water which may be absorbed by the garlic segment to some extent. The specific gravity of garlic segment was determined using the following formula (Mohsenin 1986) .
Where Sg gs and Sg t are the specific gravities of the garlic segment and toluene, respectively. Wt gs , Wt p , and Wt t are the weights of the garlic segment, pycnometer and toluene , respectively and weight is expressed in gram.
The geometric mean diameter and sphericity of the garlic segment were calculated using the following formulae (Mohsenin 1986) .
Where D g , L, W and T are the geometric mean diameter, longest intercept, longest intercept normal to L, longest intercept normal to L and W, respectively and all are expressed in 'mm'. Θ is the sphericity. The terminal velocity is useful parameter in designing blowers for aeration and separation of lighter materials like peel, husk etc. The terminal velocity of garlic segments was measured by floating method using an air column duct. This method produced air current in a vertical duct (7 cm diameter×60 cm height) for garlic segments to be floated. The air stream speed during floating was measured by a digital hot wire anemometer and termed as terminal velocity (expressed in m/s). At the time of floating, the weight of particles is equal to the drag force (Mohsenin 1986) . The duct has the provision for variable air stream with changing the frequency of electric motor supplier. A For each test, a small sample was dropped into the air stream from the top of the air column, up which air was blown to suspend the material in the air stream. The air velocity near the location of the segment suspension was measured by a digital hot wire anemometer having a least count of 0.1 m/s. The frictional properties such as coefficient of friction and angle of repose are important in designing of storage bins, hoppers, chutes and conveyors. The angle of repose of garlic segments was measured using apparatus consisting of a circular hopper with discharge funnel leading to a discharge hole and traveling microscope. Five kilogram of garlic sample was filled freely into hopper with discharge gate closed and then the sample was allowed to escape freely from hopper by opening the discharge gate, leaving a free-standing cone of sample on the platform. The heights of hopper and cone and diameter of the cone were measured by traveling microscope. The angle of repose, Ø r , was obtained from the geometry of the cone as follows (Mohsenin 1986) .
Where Ø r is the angle of repose expressed in degree. The H a , and H b are the heights of hopper and height of cone whereas D b is the diameter of the platform and all are expressed in cm.
The static coefficient of friction of garlic segment was determined against three surfaces, namely, teak wood, aluminum and mild steel sheet. The static coefficient of friction was measured by using tilting top table apparatus and calculated by using the following formula (Sahay and Singh 1998) .
Where, μ is the static coefficient of friction and Ø is the angle of tilt in degree.
The compressive and shear forces are relevant in studying bulb breaking, garlic peeling, garlic powder making, energy requirement in processing operation, material resistance, mechanical damage etc. The compressive and shear forces of garlic were determined using a texture analyzer (Model TA-Hdi, Stable Micro Systems, UK). The device has a moving upper, a stable lower platform, a driving unit and a data acquisition system. For compressive force measurement, the garlic segment was placed on the stable lower platform and compressed with the moving upper probe (P-10 probe). The experiment was conducted at a loading rate of 0.5 mm/s. The same procedure as above was followed for shear force measurement after replacing the probe WarnerBratzler blade. The garlic segment was subjected to crushing and cutting between the stationary and the moving platforms. Both the compressive and shear forces of garlic were computed from the maximum loads that were applied to the garlic.
Fabrication of garlic peeler
A power operated garlic peeler consisted of hopper, cylinder-concave unit, blower and power transmission system was fabricated with provision for different adjustments. Peeler works on the principle of the cylinder-concave mechanism. The cylinder surface covered with high quality rubber and it is as called rubber roller. Rubber roller (cylinder) rotates against a fixed screen which attached to the fixed concave as a result of which the garlic segment get peels off primarily due to due shearing action with slight compression. The details of the garlic peeler are given in Figs. 1 and 2. The fabrication of the main components of the peeler is explained as follow.
Hopper The hopper with rectangular top and trapezoidal bottom type was considered suitable for feeding due to its inherent advantages. The feed hopper was made from 1 mm mild steel sheet (M.S.sheet) and it was mounted on the cylinder-concave unit to feed garlic into peeling unit in order to have advantage of gravity force for free flow of the material from the hopper to the peeling unit. Preliminary studies were carried out for setting up discharge gap of the hopper depending upon the speed of roller such that it should be able to carry the material under the free flow to the peeling unit uniformly without choking it. The gap of 27 mm was kept to feed the garlic during experiment.
Cylinder and concave unit It is also called as peeling unit. This unit consisted of three parts viz., rubber coated cylinder (called as cylinder or rubber roller), concave including mild steel screen (called as concave mechanism) and concave cover. The cylinder used for roller was made up of 244 mm diameter M.S. hollow pipe having a thickness of 4 mm. The length of cylinder was 357 mm with both ends closed. The outer surface of the cylinder was covered with 10 mm thick high quality semi hard white rubber (IRHD Shore-A55, International Rubber Hardness Durometer). The concave screen-1, concave screen-2 and concave screen-3 made with M.S. square mesh (8×8 screen), M.S. square mesh (4×4 screen) and semi flexible plastic square mesh (3×3 screen), respectively were used for the peeler. One mm thick mild steel sheet curved (concave) to the shape of similar and slightly larger curvature than that of concave screen and this concave was provided beneath the concave screen to support concave screen. The topside of cylinder which was not covered by concave was covered with 1 mm thick sheet and bolted to the frame of the machine. The cylinder and concave along with screen unit was positioned below the feed hopper horizontally and supported by an angle frame. The cylinder-concave clearance was varied with the help of a nut and screw mechanism provided beneath concave supported by frame of the machine. The cylinder-concave clearance (tapered fashioned clearance) was varied from 20 to 24 mm at inlet (top side) and from 8 to 12 mm at outlet (bottom side). As no specific information was available on the roller (cylinder) speed required for garlic peeling, preliminary studies were carried out to find out optimum range of roller speeds for experimental trials such that it should be able to peel the material efficiently with minimum material damage. Accordingly, the peripheral speeds of the roller for trials were considered as 0.39, 0.48 and 0.56 m/s at corresponding rpm of 29, 36 and 42, respectively. A 2 hp single phase electric motor was provided to drive the roller. A gear reduction (1:40), a step pulley and v-belts were used to vary the cylinder speed.
Cleaning and discharge Channel This channel consists of blower, conveying and discharge assembly. Peel separation and discharge of peeled and unpeeled mixture takes place in this unit which was mounted at the bottom side of the concave. The mixture of peel, peeled and unpeeled garlic which comes from peeling unit was subjected to a stream of air supplied by a blower. The peel was blown out through peel outlet and the peeled and unpeeled garlic fell down through discharge channel. Unpeeled garlic segments were separated manually from peeled garlic and fed again into peeling unit for peeling. Peel cleaning was done with the help of blower. The blower consists of three leaf impeller fixed to the central shaft which rotates horizontally with the help of 2 hp electric motor. Blower was used to supply air for separation of peel from peeled garlic segments. It rotates at the speed of 1,200 rpm and volume of air supply can be adjusted with the help of butterfly valves provided at both sides of the blower. Two 2 hp single phase AC motors having 1,440 rpm were used to drive cylinder and blower separately for experiment, otherwise, one 1.5 hp (1.15 kW) motor would sufficient to operate the peeler.
Main frame The main frame was required to support other parts of the garlic peeler. The main frame was fabricated from angle iron 40×40×6 mm for mounting hopper, roller and concave, cleaning and discharge assembly, blower, and electric motor. The length, width and height of main frame were 910, 515 and 820 mm, respectively. The feeding unit, roller and concave, cleaning and discharge assembly, blower, and electric motor were assembled on main frame using nuts and bolts.
Provisions for different adjustments
Cylinder-concave clearance of the peeler was adjusted with the help of a nut and screw mechanism provided beneath concave supported by frame of the machine. The range of clearance considered for the study was from 20 to 24 mm at inlet (top side) and from 8 to 12 mm at outlet (bottom side), which was easily obtained by this arrangement. The step pulley of 43, 35, and 30 mm, diameters provided on the roller shaft helped to vary the speed of roller between 29 and 42 rpm. The corresponding peripheral speeds of the roller were 0.39, 0.48 and 0.56 m/sec respectively. One mm thick M.S. sheet curved to the shape of similar and slightly larger curvature than that of concave screen and provided beneath the concave screen to support it. By this arrangement, the concave could be removed, cleaned and replaced easily and quickly.
Pretreatment
Pretreatment is required to facilitate mechanical peeling and reduce material damage. Manually sorted and graded segments were partially dried at 60°C in tray drier for different air drying periods (0, 15, 30 and 45 min) prior to peeling. The corresponding moisture contents were 40.5, 33.4, 27.7, and 23.1 % w.b. Single layer of garlic segment was maintained during drying.
Performance evaluation of garlic peeler
The garlic peeler was tested for its performance at varying levels of cylinder speed (29, 36 and 42 rpm), concave clearance (8, 10 and 12 mm), moisture content (23.1, 27.7, 33.4 and 40.5 %, w.b.) and concave mechanisms. While testing, the peeler was installed on level ground and operated at no load to ensure that each component of the peeler was working properly. For each test, 5 kg of sample was fed into the hopper at a feed rate of 22-30.5 kg/h. Three replications were taken at each combination of variables. The partially dried garlic segments were peeled by the peeler. Unpeeled garlic segments were separated manually from the mixture (undamaged peeled and damaged garlic) and then weighed. Damaged garlic segments were separated manually from the mixture (undamaged peeled garlic and undamaged unpeeled garlic) and then weighed. The peeling efficiency was calculated by using the following formula as suggested by Sharma and Madhyan (1988) .
Where, E is the peeling efficiency and expressed as per cent. The m u , m d and m t are the mass of unpeeled garlic, damaged garlic and total garlic used for peeling and they are expressed in gram.
Machine peeling and peel cleaning
Partially dried samples were peeled off by feeding into the peeling unit. The samples to be peeled were passed through tapered clearance of the cylinder-concave. The cylinder rotated against fixed concave screen as a result of which the samples get peeled off due to combined compression and shearing forces. The mixture of peel, peeled and unpeeled garlic which comes from peeling unit was subjected to a stream of air supplied by a blower. The peel was blown out through peel outlet and the peeled and unpeeled garlic fell down through discharge channel. Unpeeled garlic segments were separated manually from peeled garlic and fed again into peeling unit.
Statistical analysis
The data on peeling efficiency, peeled garlic, unpeeled garlic and damaged garlic were analyzed with the help of Microsoft Excel and General Linear Model (GLM) procedure of Statistical Analysis System (SAS). Artificially created randomized block design was used. Analysis of variance (ANOVA) was done for the performance corresponding to the different levels of variables.
Results and discussion
Physical properties of garlic segment
The average length, width, thickness, geometric mean diameter, sphericity, weight of garlic segment and weight of 1,000 garlic segment were determined (at ambient moisture content of 40.5 % w.b. as 26.2 mm, 10.4 mm, 8.7 mm, 13.3 mm, 0.5, 1.8 g and 1,813 g, respectively (Table 1) . Haciseferogullari et al. (2005) reported mean mass, mass weight of 1,000 garlic segment, geometric mean diameter, sphericity, bulk density and segment number of whole garlic (at moisture content of 66.32 % dry basis, d.b.) as 32.81 g, 2383.8 g, 15.15 mm, 0.56, 478.75 kg/m 3 and 17.56, respectively. It was observed that the angle of repose of garlic segments was increased from 25.5 to 37.5°with increase in moisture content from 23.1 to 40.5 % w.b. It could be attributed to the increase in cohesiveness between the garlic segments. As moisture content of garlic segment increased from 23.1 to 40.5 % w.b., the terminal velocity was found to increase from 7.18 to 12.24 m/s. It could be attributed to the increase in mass of an individual segment per unit frontal area presented to the airflow and also the friction of the edges of the segment. It was found that the static coefficient of friction for garlic segment increased with increase in moisture content on all three structural surfaces, namely, teak wood, aluminum and mild steel sheet. It may due to decrease in smoothness and sliding characteristics of garlic segment at higher moisture content. The static coefficient of friction was maximum at moisture content of 40.5 % w.b. for teak wood (0.53) followed by aluminium (0.48) and mild steel surface (0.42). This may be owing to the smoother and polished surface of the mild steel sheet as compared with other sheets used. Haciseferogullari et al. (2005) observed that static coefficient of friction for garlic segment at moisture content 66.32 % d.b. on a galvanized steel, an iron sheet and a plywood surface as 0.42, 0.47 and 0.54, respectively. The experimental results showing the effect of moisture content on compressive and shear forces are summarized in Table 2 . The values of compressive and shear forces of garlic were varied from 2.2 to 10.7 and 1.7 to 2.8 kg, respectively. It was observed that both the compressive and shear forces decreased with decrease in moisture content ranged from 23.1 to 40.5 % w.b.
Effect of crop-machine parameters on garlic damage
Garlic damage is an important factor of peeler performance. The analysis of variance is given in Table 4 . The analysis indicated that all the main variables; cylinder speed, concave mechanism, moisture content and cylinder-concave clearance influenced the damage highly significantly at 95 % confidence level with p-value <0.05. The interactions of cylinder speed × concave mechanism, cylinder speed × moisture content, concave mechanism × moisture content and cylinder-concave clearance × moisture content were significant at 95 % confidence level with p-value <0.05. The third order interactions of cylinder speed × concave mechanism × moisture content, concave mechanism × cylinder-concave clearance × moisture content and fourth order interactions of cylinder speed × concave mechanism × cylinder-concave clearance × moisture content were also significant at 95 % confidence level with p-value <0.05. The remaining interactions of variables did not influence material damage significantly. An analysis of variance of damage for the different treatments indicated that the moisture content influenced the damage the most, followed by the influence of concave mechanism, cylinder speed and the cylinderconcave clearance. This was indicated by the relative Pr > F values of the treatments. Among the second and third order interactions of combination, concave mechanism × moisture content and cylinder speed × concave mechanism × moisture content influenced the garlic damage most. The results of garlic damage due to each of the peeling mechanisms and cylinderconcave clearance are tabulated against the moisture content at optimum speed of 36 rpm (Table 3) . The maximum and minimum damage were observed at moisture contents of 40.5 and 27.7 %, respectively. The damage of garlic decreased with decrease in moisture content up to 27.7 % was mostly due to loosening of garlic skin on drying. However, drying beyond moisture content of 27.7 % caused the garlic to become soft and it enhanced the damage. The damage due to concave-1 (M.S. Square wire mesh screen, 8×8 screen), concave-2 (M.S. Square wire mesh screen, 4×4 screen) and concave-3 (Semi flexible plastic square mesh screen, 3×3 screen) was 12.79, 13.30 and 16.33 %, respectively.
Generally the damage with concave-1 mechanism was lower than the damage due to other two mechanisms at moisture content of 27.7 % at all the three cylinder-concave clearances. The concave-1 mechanism had better shearing combined with compressive action than the other two concave mechanisms. The damage at cylinder speed of 29, 36 and 42 rpm was 15.23, 13.41 and 14.01 %, respectively. At given moisture content and concave mechanism, the garlic damage corresponding to a given cylinder-concave clearance was lower at cylinder speed of 36 rpm. The maximum damage was observed at lower cylinder speed of 29 rpm. It could be due to the fact that garlic under prolonged compression between cylinder and concave at lower speeds caused severe internal damage to garlic. The higher speed (42 rpm), due to insufficient and quick shear action caused scratches on garlic surface and damaged garlic segments. Since grading was done manually, the size factor of the garlic also contributed to damage. The average damage corresponding to the cylinderconcave clearances of 8, 10 and 12 mm was 15.56, 14.58 and 13.81 %, respectively. It was observed that the damage was least at 12 mm cylinder-concave clearance and maximum at 8 mm cylinder-concave clearance.
Effect of crop-machine parameters on unpeeled garlic yield Statistically, percentage yield of unpeeled garlic, corresponding to the observations from four variables, was significantly influenced by the variables at 95 % confidence level with p-value <0.05. The moisture content and concave mechanisms were the two most important variables which influenced unpeeled garlic yield (Table 4 ). The variable interactions of concave mechanism × moisture content had the maximum influence on the unpeeled garlic yield followed by speed × concave mechanism, speed moisture content, cylinder-concave clearance × moisture content and concave mechanism × moisture content which were significant 95 % confidence level with p-value <0.05. The third order interactions of cylinder speed × concave mechanism × moisture content and concave mechanism × cylinderconcave clearance × moisture content were found significant and remaining interactions were insignificant at 95 % confidence level with p-value <0.05. The yield of unpeeled garlic due to each of the concave mechanisms and cylinder-concave clearances was summarized against the moisture content at optimum speed of 36 rpm in Table 3 . The average unpeeled garlic corresponding to moisture contents of 40.5, 33.4, 27.7 and 23.1 % w.b. was 16.55, 10.26, 8.84 and 9.34 %, respectively. The unpeeled garlic yield decreased with decrease in moisture content up to 27.7 % and then again increased with further decrease in moisture content. The reduced yield of unpeeled garlic at lower moisture content (27.7 %) was mostly due to loosened skin of garlic due to drying. However, further drying caused the garlic to become soft and shrink and it increased the unpeeled garlic yield. The average unpeeled garlic yield due to concave-1, concave-2 and concave-3 was 10.73, 11.34 and 15.57 %, respectively. The concave-1 mechanism yielded less unpeeled garlic than the other two concave mechanisms at moisture content of 27.7 % at the speed of 36 rpm. However, with either decrease or increase in moisture content from moisture content of 27.75 %, the concave-1 mechanism yielded more unpeeled garlic. The concave-1 mechanism had better shearing combined with compressive action as compared to the other two concave mechanisms. Due to more surface smoothness and aperture size, the concave-3 had less shear and more compression which caused to yield more unpeeled garlic. Because of its more aperture size and roughness, the concave-2 caused more unpeeled garlic yield as compared to concave-1. The average unpeeled garlic yield corresponding to the cylinder-concave clearance of 8, 10 and 12 mm was, respectively, 10.95, 11.16 and 12.57 %. At a given moisture content and concave mechanism, the unpeeled garlic yield corresponding to a given speed was higher at larger cylinder-concave clearances, in other words, the values of unpeeled garlic increased with increase in cylinder-concave clearance and vice versa. It could be concluded that the unpeeled garlic yield was least at 8 mm cylinder-concave clearance and it was maximum at 12 mm cylinder-concave clearance. It was therefore concluded that a lower cylinderconcave clearance would effectively increase the compression of the garlic and also, the reaction force to the force of rotation of cylinder, resulting into increased peeling performance. The average unpeeled garlic yield at cylinder speed of 29, 36 and 42 rpm was 12.94, 11.16 and 12.05 %, respectively. The yield of unpeeled garlic at 36 rpm was lower than the yield of unpeeled garlic at other two speeds of 29 and 42 rpm, at all three levels of cylinder-concave clearances and a moisture content of 27.7 %. However, with either increase or decrease in moisture content from 27.7 %, the cylinder speed of 36 rpm caused increase in unpeeled garlic yield. The prolonged compression at low speed caused internal damage to garlic and this in turn yielded more unpeeled garlic. The higher speed (42 rpm), due to insufficient shear action, caused scratches on garlic peel externally without damaging the garlic segment. Since grading was done manually, the smaller sized garlic also contributed to unpeeled garlic yield.
Effect of crop-machine parameters on peeled garlic and peeling efficiency It is clear from the analysis of variance presented in Table 4 , the peeled garlic and peeling efficiency corresponding to the observations from four variables were significantly influenced by the variables at 95 % confidence level with p-value <0.05. The moisture content and concave mechanism were the two most important variables which influenced peeled garlic yield and peeling efficiency. The variable interactions of concave had the maximum influence followed by the speed × moisture content and speed × concave combinations. Among third order interactions, the interaction of speed × concave × moisture content was significant and rest of the combinations was insignificant at 95 % confidence level with p-value <0.05. The mean and range of peeled garlic and peeling efficiency corresponding to crop-machine variables is presented in Table 3 . Moisture content was the most influencing variable as compared to other three variables. The average peeled garlic and peeling efficiency corresponding to moisture contents of 23.1, 27.7, 33.4 and 40.5 % were, respectively, 78.49, 80.09, 76.89 and 65.76 % and 79.71, 81.16, 78.27, 68 .73 %. The highest values of peeled garlic and peeling efficiency were observed at moisture content of 27.7 %. The values of peeled garlic and peeling efficiency increased with decrease in moisture content up to 27.7 % and then decreased with further decrease in moisture content. The loosened skin on drying of garlic was the reason to increase peeling with minimum damage. The loosened skin on drying of garlic reduced the damage and increased peeling efficiency. However, longer duration drying caused garlic to become soft and shrink and this reduced peeling and peeling efficiency. Concave mechanism was an important variable, only next to moisture content, in its effect on garlic peeling and peeling efficiency. The average values of peeled garlic due to concave-1, concave-2 and concave-3 were 76.37, 74.71 and 68.54 %, respectively. The average peeling efficiency due to corresponding concaves was 77.99, 76.78 and 71.14 %. Generally, the concave-1 had highest yield of peeled garlic and peeling efficiency than the other two concave mechanisms at 27.7 % moisture content at all three levels of cylinder-concave clearances. However, with either decrease or increase in moisture content from 27.7 %, the concave-1 decreased the yield of peeled garlic and peeling efficiency. The difference in yield of peeled garlic due to the three concave mechanisms were mainly due to their aperture size and surface characteristics generated methods of force of application during the peeling process. The concave-1 mechanism had better shearing combined with compressive action than the other two concave mechanisms. Due to more surface smoothness and aperture size, the concave-3 had less shear and more compression which caused less peeled garlic yield. Because of its more aperture size and roughness, the concave-2 caused less yield of peeled garlic as compared to concave-3. The peeling efficiency was more due to concave-1 because of minimum damage and maximum peeling than the peeling efficiency due to concave-2 and concave-3. The peeled garlic yield and peeling efficiency due to speed of 36 rpm were higher than the peeled garlic yield and peeling efficiency due to speed of 42 and 29 rpm at 27.7 % moisture content at all the three levels of cylinder-concave clearances. However, the peeled garlic yield and peeling efficiency reduced with change in speed of 36 rpm. The prolonged compression due to low speed (29 rpm) resulted in more damage and higher yield of unpeeled garlic leaving less garlic to peel. Higher speed (42 rpm), due to insufficient shear action, caused scratches on garlic peel externally without damaging garlic segment. Since grading was done manually, the smaller sized garlic contributed to peeled garlic yield and peeling efficiency. All these factors could be attributed to difference in peeled garlic yield and peeling efficiency. The peeled garlic yield and peeling efficiency were higher at 10 mm cylinder-concave clearance than the peeled garlic yield and peeling efficiency at 8 and 10 mm cylinder-concave clearances. The yield of unpeeled garlic was more at 12 mm cylinder-concave clearance though the damage was less than the damage due to 10 mm cylinder-concave clearance and this was the reason that peeled garlic and peeling efficiency were higher at 10 mm cylinder-concave clearance.
Peel cleaning performance
The garlic peel from the mixture of peeled, unpeeled and damaged garlic was separated with the help of a blower. The cleaning channel carrying the mixture of garlic peel, peeled, unpeeled and damaged garlic was kept under forced stream of air supplied by blower having a provision of varying the volume of air per unit time. After fist pass of cleaning, the mixture was again fed into the cleaning channel for second pass of cleaning. The cleaning percentage ranged, from 79 to 88 % and 90 to 96 % after first and second pass, respectively. The maximum cleaning of peel was observed in the case of garlic sample peeled at 27.7 % moisture content w.b., while the least cleaning was observed in the case of garlic sample peeled at 40.5 % moisture content w.b. Least cleaning was due to the presence of more surface moisture on the peel and the garlic which resulted in difference in cleaning.
Performance of prototype garlic peeler
The final prototype was developed with the developmental values obtained and discussed in preceding section. The prototype was evaluated with the optimized crop-machine parameters (cylinder speed of 36 rpm, cylinder-concave clearance of 10 mm, M.S. Square (8×8 screen) wire mesh screen and moisture content of 28.5 % w.b. Twenty five kilogram of garlic segments (at moisture content of 28.5 % w.b.) was fed continuously and the observations were taken. The peeling efficiency, yield of peeled garlic and unpeeled garlic, damage and peel separation were found to be 86.60, 86.20, 4.70, 9.15 and 96 .00 %, respectively with a machine capacity of 27 kg/h and the energy requirement of 1.15 kw-h. Operation cost of the peeler was determined on the basis of fixed and variable cost 
Conclusion
The traditional peeling methods of garlic are more time consuming, laborious and cost intensive than the power operated garlic peeler developed in the present study. The saving in cost and time of peeling of a kg of garlic with the use of the developed peeler was found to be Rs 16.11 and 1.63 machine hours, respectively i.e. 94.99 and 97 % of the cost associated with hand peeling. The developed garlic peeler may be utilized in garlic processing industries, big restaurants, and hotels. The damaged garlic during machine peeling shall not be counted as product loss and damaged garlic may be used for immediate use for making value added product like garlic paste, garlic salt, garlic powder, pickles etc.
